Techniques currently used in the assessment of structural and/or functional damage to the peripheral auditory system are summarized. Two histological approaches are described: one which allows light microscopic evaluation of all structures of thc auditory periphery, and a second which concentrates on the sensory cells and their innervation. The latter technique allows electron microscopic analysis of selected regions after a thorough light microscopic survey. Two electrophysiological methods are described as well: a single-fiber approach which provides detailed information about cochlear condition at all frequency locations and a simpler and faster evoked-potential approach which is well suited to screening for cochlear changes. The correlations between structural and functional changes arc described using examples from studies of acoustic injury of the inner ear.
INTRODUCTION
The peripheral auditory system in mammals (including man) is exquisitely sensitive to acoustic stimuli over a wide range of frequencies. Unfortunately, it is also extremely vulnerable, both to acoustic overstimulation (4) and to a wide variety of chemical agents from aspirin (19) to antibiotics (5). Often, the hearing loss that results begins with threshold shift in the high-frequcncy regions. Since most of the sounds used in human communication are predominately low-frequency, we are often unaware that a serious hearing loss has occurred, especially if its onset is gradual.
The aim of this paper is to describe some of the techniques currently used in the evaluation ofdamage to the inner ear. These techniques include morphological assessment both at the light and electron microscopic levels as well as electrophysiological techniques both at the level of single-neuron re- Most of the examples will come from the study of acoustic trauma. However, the principles are equally well applied to study of any cochlear insult. Only the basic approaches will be outlined. Dctailed methodology can be found by refemng to the cited reports.
After a brief overview of the basic workings of the inner ear, recent research will be summanzed into the structural changes accompanying permanent noise-induced hearing loss. This research was designed to pinpoint, as accurately as possible, the most vulnerable elements in the inner ear and to understand which of the structural changes were actually responsible for the hearing loss. To find basic a n s y r s . t? these questions required more than a decade'of work, the most time-.consuming of which were the thorough histopathological analyses. Such a painstaking approach is not practical (nor is it necessary) if one's aim is merely to decide whether a given agent is ototraumatic or not. Thus, the last section of the paper will describe a relatively simple physiological test which can reliably indicate the functional state of the peripheral auditory system. Such a test is well suited to application in a screening procedure for auditory damage. 
OVERVIEW OF INNER EAR F~C T I O N
A light microscopic cross-section through the sensory epithelium of the inner ear is shown in Fig. 1 , indicating the names of a number of the major cell types lining the cochlear duct. The functional role of many of these cell types is still unknown. However, in broad outline, we know that the sensory cells (inner and outer hair cells) transduce mechanical input (from sound-induced vibrations of the middle-ear bones) into electrical signals, which are camed into the brain by the fibers of the auditory nerve. The "hair cells" derive their name from the tufts of specialized microvilli (called "stereocilia") which emanate from their apical surfaces and which iti vivo contact the substance of the tectorial membrane (TM). It is the sound-induced motion of these hairs which ultimately leads to release of chemical transmitter from the bases of the hair cells and excites the primary sensory neurons which synapse there (6). The hair cells, and especially their stereocilia, are particularly vulnerable to a variety of ototraumatic agents. Indeed, for some cochlear insults, such as acoustic overstimulation, the hair cells appear to be the most vulnerable elements in the ear (1 7).
The process of transduction relies on the presence of a positive electric potential (roughly 80 mv) inside the fluid chamber known as scala Media and on the maintenance of an intracellular-like fluid composition of the "endolymph" which fills this space (scala Tympani and scala Vestibuli are filled with "perilymph," an extracellular fluid which is in continuity with the cerebro-spinal fluid in the posterior fossa). This positive "endolymphatic potential" serves as a battery to drive current across the apical surface of the hair cell membrane (3). The potential appears to be generated by the stria vascularis (SV), a highly vascularized epithelium that resembles in many ways the morphological organization of renal tubular epithelia. Interestingly, a num,ber of agents known to affect kidney function, such' as loop diurktics, also affect hearing, presumably through their effects on the stria vascularis and the endolymphatic potential (20) .
Each of the hair cell rows (as well as all the other accessory structures shown in Fig. 1 ) extends for tens of mm from the "base" to the "apex" of the cochlea. In man, the organ extends for some 35 mm, containing roughly 3,500 hair cells in each ofthe 4 rows. Many basic properties of this epithelium (such as cell size, density and stiffness) change systematically 
FREQUENCY (kHz)
from base to apex, such that the organ is mechanically tuned to high frequencies at the basal end and to low frequencies at the apical end. In general, the basal, high-frequency end is more vulnerable to ototraumatic agents than the apical end (21) . The mechanical tuning of the sense organ is reflected in the frequency-selective responses of the auditory nerve fibers which contact it. Since each fiber contacts only one sensory cell in the epithelium, it is excited only when the stimulus frequency is appropriate to cause that particular region of the organ to vibrate. This frequency specificity is seen in the threshold functions of nerve fibers (Fig. 2 ). Each of the 3 "tuning curves" in Fig. 2 shows the lowest stimulus intensity which will excite thai fiber . as a function of stimulus frequency. When stimulus intensities (plotted on the vertical axis) are high, each fiber responds to a wide range of frequencies; at lower intensities the range narrows progressively. The frequency to which a fiber is most sensitive is called its characteristic frequency (CF). The fiber's CF indicates exactly where along the apex-to-base dimension that fiber originates (1 3): low-CFs in the apex, progressively higher CFs from progressively more basal locations.
.
HISTOLOGICAL ASSESSMENT OF INNER
EAR DAMAGE When first setting out to identify the damage loci associated with an ototraumatic agent, all structures of the peripheral auditory system must be evaluated at the light microscopic level. The histological technique best suited to such an approach is the serial sectioning of celloidin-embedded ears stained with Haematoxylin and Eosin (21) . Such an approach yields material of the type shown in Figs. 1, 3 , and 4. Techniques have been developed whereby the length of the cochlear spiral can be conveniently reconstructed, and the absolute position (distance from apex or base) of any particular section estimated (22) . Cochlear frequency maps (converting apical-basal location to frequency) have been derived for a number of experimental animals including cat (13) and chinchilla (2) as well as for the human ear (21).
When exposed to acoustic overstimulation or ototoxic antibiotics, virtually all structures of the inner ear are vulnerable (9, 17) . Widespread lesions may show degeneration of the entire sensory organ, leaving an undifferentiated cuboidal epithelium in its place ( Fig. 3 ). Focal degeneration of the stria vascularis, spiral prominence, or spiral limbus are common in cases with severe and widespread loss of sensory cells. However, when the exposure intensity or drug dose is reduced, lesions are routinely restricted to the sensory cells themselves, particularly the outer hair cells (e.g., Fig. 4 ). Loss of afferent nerve fibers is only seen as a secondary reaction to the loss of hair cells, particularly the inner hair cells (7).
Complete analysis of each ear should include some attempt at quantification of the damage to each cell typc, as sampled at a number of locations throughout the ear. In our studies, we typically evaluated every fifth section (section thickness 20 microns), which results in roughly 150 samples distributed along the cochlear length, Resulting "cytocochleograms" for 2 ears appear in Fig. 5 . For each cell type analyzed (3 rows of OHCs, IHCs, neurons, spiral prominence, stria vascularis, interdental cells of the limbus and the central zone of the limbus), the ob-, server.est~imated the fraction ofthat cell typc present at each cochlear location sampled. For the case illustrated at the left of Fig. 5 , each of the cell types analyzed showed some loss (intact regions appear as solid black in the graph). Although most of the damage. was in the basal half of the cochlea (only the stria vascularis showed significant damage at the very apex), the precise loci of damage differed in location slightly for each of the cell types. For the case illustrated at the right, damage was completely restricted to the sensory cells, consisting of a focal Fro. 3.-Photomicrograph of the cochlear duct ( x 180) from an ear exposed to intense sound 273 days earlier. In addition to complete loss of all cells of the organ of Corti (arrow I), the limbic central zone is acellular (arrow 3) and there is secondary degeneration of auditory-nerve fibers (arrow 2). Note that there is still cellular debris in scala Media (arrow 4) even though the acoustic injury occurred almost a year earlier. No acoustic responses could be recorded from this cochlear region. loss of inner and outer hair cells in the small region near the very base of the cochlea.
Since our aim was to identify the functionally itnportant structural changes, the cochlear condition in each case was correlated with a measure ofcochlear function, shown in the top panels of Fig. 5 . The measure used in these cases was the response from single fibers of the auditory nerve (1 l ) , specifically the threshold at the characteristic frequency. Since each auditory-nerve fiber contacts only a single sensory cell in the inner ear, recordings from a single fiber can provide a sort of functional window ontothe output of a very restricted region of the sensory epithelium (12). Since it is possible to sample the activity of hundreds of different fibers in a single . * . animal, the distribution of thresholds can provide a detailed and accurate assessment of the functional state of the entire sense organ, from apex to base.
The filled circles in each top panel of Fig. 5 display the average thresholds of auditory-nerve fibers in normal control animals, while the Xs display the thresholds of individual fibers sampled from each of the two ears. The case on the left showed some threshold elevation in all neurons; however the thresholds deteriorated dramatically for CFs above 1.0 kHz. Such a pattern is in rough agreement with the increased degree of histopathology in the cochlear base. However, with pathology in so many different structures, it is impossible to assign any functional deficit with any one type ofcell loss. The case in Fig. 5B showed much less dysfunction: threshold elevation was restricted to a narrow frequency band centered at 3.0 kHz. The only structural damage visible in the celloidin sections was a focal hair cell loss at the very base, a lesion which cannot account for the mid-frequency threshold shift. The scattered loss of outer hair cells throughout the rest of the cochlea is no different from that seen in dozens of control ears. ' . Th:ese 2 cases haye been chosen to illustrate a general rule which'applies to ihe correlation ofstructurd and functional change in all cases ofpermanent hearing loss (well over a hundred) we have examined: electrophysiological measures are always a more sensitive indicator of ear damage than any morphological indicator available at the light microscopic (LM) level. That is to say: l) clear LM histopathology is always associated with dramatic threshold elevation in single, auditory-nerve fibers in a CF region appropriate to the cochlear region of damage; while 2) threshold elevations of 40 dB or less in auditory-nerve fibers are often associated with no noticeable histopathology in a LM evaluation of celloidin sections. These rules appear to hold for ears with permanent noise-induced damage as well as permanent damage from ototoxic antibiotics (e.g., kanamycin and neomycin), damage associated with genetic defect (such as the deaf white cat) and damage of unknown origin seen occasionally in our control animals.
To find structural correlates of moderate threshold shift (such as that illustrated in Fig. 5B ), it is necessary to examine the ears in a different way. Specifically, one has to look more carefully at the colidition of the remaining sensory cells. This is accomplished through the use of the "surface-preparation technique," in which the entire length ofihe organ of Corti (the portion of the sense organ including the sensory cells and their supporting structures) is dissected into a series of pieces, which are embedded in plastic and viewed as whole-mounts (1, 15) . The resulting surface-view of the organ of Corti provides an excellent view of the geometric array of hair cells and makes it possible to evaluate the condition of the sensory hairs, even in the light microscope (Fig. 6) .
Many of the sensory hairs on cells remaining as long as 2 years after cochlear injury arc badly damaged; some are disarrayed (as in Fig. 6 ), some missing. In a series ofacoustically traumatized ears, none of which had significant loss of sensory cells, the condition of the stereocilia was evaluated by observers naive to the degree of threshold elevation (16) . The results, some of which are shown in Fig.  7 , suggest that virtually all the acoustically induced threshold shift may be accounted for by the degree and distribution ofstereocilia damage. Ofthe 3 cases chosen for this illustration, one recovered completely from the exposure (Fig. 7A) , as seen in the thresholds of single auditory-nerve fibers. A second case (Fig. 7B ) was left with roughly 40 dB of threshold elevation in the mid-frequency regions (Fig. 7C) , and the third showed almost 80 dB in persistent thresho1d:;shifts. Correspondingly, the normal thresholds were associated with stereocilia condition indistinguishable from control, while in the other 2 cases both the degree and the cochlear extent of the stereocilia damage appear to be well matched to the degree and extent of threshold elevation.
In further studies, we examined the ultrastructure of sensory cells from cases such as those in Fig. 7 and showed that the stereocilia disarray resulted from degeneration and/or fracture of the electron-dense "rootlet" which anchors each hair to the top of the The solid line and filled circles show the average thresholds seen in control cars. Each X on the graph illustrates the threshold at CF (see Fig. 2 ) of a dilTcrcnt neuron from the.pa+ular animal under study. The bargraphs under the threshold data plot the damage to nine dimerent cell groups'seen as'a function ofcochlvr.location, with cellular pathology or loss shown as lack of the black bar. For the sensory cells, each of the 4 rows is plotted separately with the three rows of outer hair cells (OHCs) numbered according to increasing distance from the inner hair cells (IHCs).
cell (14). Thus, in the final analysis, the stereocilia RAPID PHYSIOLOGICAL ASSESSMENT OF INNER rootlet appears to the "weakest link" when the ear is injured acoustically. The next logical step in dissecting the damage process underlying permanent noise-induced threshold shift might be a biochemical analysis of this particular organelle.
EAR DAMAGE
The histological approaches outlined above are extremely time-consuming, and the physiological techniques require sophisticated instrumentation TOXICOLOGIC PATHOLOGY   FIG. 6. -Photomicrographs of the sensory hairs on OHCs ( x 5000) as seen in light microscopic examination of plasticembedded surface preparations of the organ of Corti. The top panel shows the hair tufts on two normal OHCs. Although the diameter ofeach hair is less than 0.5 microns, they can be resolved and even counted in well prepared light microscopic specimens. The bottom panel shows the hair tufts on 2 abnormal OHCs from a noise-exposed ear. This degree of stereocilia disorderliness was correlated with roughly 40 dB of threshold shift. and delicate surgical procedures. As such, they represent an exhaustive approach to the study of an ototraumatic agent in which one aims to fully understand the way in which the agent caiises hearing loss. If, on the other hand, one wishes to know only whether or not the agerit is ototraionatic, a much simpler approach is appropriate.
The simplest way to reliably assess the functional state of the inner ear is to record the gross evoked potentials generated by the auditory nerve, known as the compound action potential or CAP (10). Just as the summed activity of heart-muscle action potentials can be recorded as an electrocardiogram by placing electrodes on the chest wall, the summed activity of auditory nerve fibers can be measured from an electrode placed near the ear. The closer the active electrode is to the source, the largeithe signal; however, in humans a usable CAP can be measured from electrodes on the skin surface'of the ear canal (1 8). In experimental animals, it is possible to greatly improve the signal-to-noise ratio by placing electrodes on, or near, the round-window membrane, which covers the perilymph of scala Tympani in the basal turn. Even with such optimum electrode placement the signals are small (a few hundred microvolts at most) requiring amplification and signal averaging (Fig. 8) for the most reproducible result.
By varying the frequency ofthe acoustic stimulus, the CAP originating from different cochlear regions can be assessed (8). We routinely present short tone pips (4 msec duration, IO/sec) at logarithmically spaced frequencies from 30 kHz down to 0.6 kHz.
At each frequency, the round-window potential to 16 presentations is averaged and the peak-to-peak amplitude measured (under computer control). The intensity of the stimulus is then raised or lowered until a criterion voltage (usually 7-10 microvolts) is reached. The frequency is then changed, and the process repeated. Obviously, the process can also be performed manually, with an observer judging the unaveraged CAP amplitude on an oscilloscope 'screen; however, the resulting "thresholds" will be somewhat higher and less reproducible.
.Under computer control, an entire "tone-pip audiogram" can be generated in less than 5 min. Such CAP audiograms for 26 control cat ears are shown in Fig. 9 . The thresholds are quite reproducible from animal to animal, allowing reasonable estimates of pretreatment condition to be made in chronic experiments, if pretreatment measurements are impractical. If so desired, electrodes can be implanted chronically so that pretreatment thresholds can be directly measured and reaction to the treatment can be monitored over time. In acute experiments, thresholds can be measured continuously, for as long as the animals can be maintained stably under anesthesia (up to 3 days for cats). Examples of such acute applications to the study of acute acoustic injury are shown in Fig. 10 . In each panel, the CAP thresholds are compared for the same animal before (heavy line) and after (thin line) an acoustic overexposure. When threshold data are available both before and after treatment, the threshold shifts can be accurately measured to within 1-2 dB, and the affected cochlear regions are clearly delineated.
The accuracy of any threshold measurement depends on good control of the acoustic stimuli. The difficulties in accurate measurement of sound pressure levels increase as the stimulus frequency increases, because the wavelength of sound decreases and large variations in sound pressure occur over smaller and smaller distances. For these reasons, free-field acoustic stimulation (where the stimuli are presented into the open air and sound pressures are estimated by placing microphones near the animals' ears) is unacceptable at frequencies above a few kHz for any but the crudest measurements. Errors between the measured sound pressure and the actual sound pressure striking the animal's eardrum can be many tens of dB. For this reason, virtually all auditory research is carried out with closed acoustic systems in which a sound source as well as a pressure monitor are connected to a tube fitting snugly in the animal's ear canal and sound pressure calibrations are performed as a function of frequency (1 1). Since the earliest signs of damage often appear in the basal turn (where best frequencies exceed 10 kHz), good control of the acoustic stimulus is of paramount importance.
The major limitations in interpreting the CAP audiogram can be appreciated by considering the shapes of the threshold tuning curves of single auditory-nerve fibers schematized in Fig. 2. In Fig. 2 , the normal array of 50,000 auditory-nerve fibers has been simplified to a set of 3: one high-CF, one mid- -Compound action potential as recorded from near the round-window membrane in a cat. The acoustic stimulus was a 4-msec long tone burst at 10 kHz presented 10 times per second. The top trace shows the raw amplified potential, as it would appear on an oscilloscope screen. The lower traces show potentials averaged from multiple stimulus presentations (the number of presentations is shown at the left of each trace). CF, and one low-CF. Each tuning curve illustrates the response area of an idealized single fiber. Note the asymmetry of the mid-and high-CF curves, i.e., as sound intensity increases, the response areas of these fibers spread to low frequencies more than to high frequencies. The importance in the present context of this response asymmetry is that the complete loss of all low-or mid-CF neurons would not appear as complete loss ofCAP at lower frequencies, since mid-and/or high-CF neurons will remain to produce a response (albeit at a higher-than-normal intensity value). Thus, 2 animals with an identical 40-60 dB shift in CAP at low frequencies might actually have very different degrees of damage to the cochlear apex. The same ambiguities do not arise with basal-turn lesions, since even at very high sound compared to the average thresholds for single nerve fibers from a different sample of control ears. The "threshold" for CAP in these cases was defined as the stimulus intensity required at each frequency to produce a potential of 7 microvolts (peak to peak), roughly the size of the potentials sccn in Fig. 8. pressures, low-and mid-CF fibers cannot respond to high-frequency stimuli, and no high-frequency CAP will be recordable if the high-CF neurons are nonresponsive.
SUMMARY AND CONCLUSIONS In years of study of many different types of reversible and irreversible cochlear insults, we have found that electrophysiological measures, specifically the responses of single auditory-nerve fibers or the compound action potential which they produce, provide a more sensitive indicator of damage than any morphological criterion yet identified either at the light-or electron-microscopic level. The response of each auditory-nerve fiber provides a functional window onto a very restricted cochlear region, and, by sampling activity of many fibers, the functibnal. state of the peripheral auditory system over the entire working friquency range can be assessed. Measurement of the summed evoked potentials of auditory-nerve fibers (recorded from a wire electrode placed near the inner ear) is a simpler and faster (albeit somewhat less accurate) method of functional assessment. For most screening applications, the assessment of threshold shift in this evoked potential should be more than adequate.
In assessing histopathology, the technique of serial celloidin sections is most useful when the dam-EFFECTS OF OVERSTIMULATION AT 1.5 kHt EFFECTS OF OVERSTIMULATION AT 6.0 kHz FIG. 10.-Use of "CAP audiograms" to assess the threshold shift caused by acute exposure to intense pure tones. In both samples, the thick line displays CAP thresholds in one ear before any acoustic overstimulation, while the thin line shows the thresholds seen 30 min after a 10 min exposure to a pure tone at 1.5 kHz and 95 dB (left) or 6.0 lcHz at 105 dB (right). Neither of these ears would be expected to show any light microscopic pathology correlated with these acute threshold shifts. age locus is unknown. In such material the light microscopic appearance of all structures of the inner (as well as middle and external) ears can be examined. The apcx-to-base location of any structural damage can be estimated, and cochlear frequency maps exist whereby the cochlear location can be converted into best frequency. Correlations in our research have suggested that visible structural change in such material is always correlated with significant threshold shift in the appropriate frequency region. If a more careful evaluation of the sensory cell population is important, the surface preparation technique is more appropriate. By processing the sensory epithelium as a series of plastic-embedded whole mounts, the entire sensory cell array can be examined in the light microscope, cell loss and cell damage can be noted, and selected regions can then be subjected to electron microscopic analysis if so desired. Our research on acoustic injury of the ear, as well as that caused by ototoxic antibiotics, suggests that damage to the sensory hairs is a very important factor in the generation of permanent threshold shifts.
